The first step in the biosynthesis of the medicinally important carbapenem family oflactam antibiotics is catalysed by carboxymethylproline synthase (CarB), a unique member of the crotonase superfamily.
mutagenesis studies directed at altering the selectivity of CarB to provide intermediates for the production of clinically useful carbapenems.
There are four main sub-families of clinically used bicyclic -lactam antibiotics comprised of the penicillins, the cephalosporins, the carbapenems, and the oxacephems. Three inhibitors of the serine -lactamases have also found extensive clinical use and although these compounds are themselves bicyclic -lactams, they possess limited antibiotic activity hence are used in conjunction with a penicillin. With the exception of the carbapenems and monobactams all the commercially usedlactams are produced either by fermentation or by chemical modification of fermented materials. Although there are naturally occurring carbapenems and monobactams, the clinically used compounds are produced commercially by total synthesis. Albeit successful, the development of synthetic methodology for the carbapenems was challenging and the development of new carbapenems is, in part, limited by production costs. The biosynthetic pathway of the penicillins and cephalosporins is the best characterised of thelactams (1,2). More recently, the steps leading to the bicyclic nuclei in the clavulanic acid and carbapenem pathways have been defined (3) (4) (5) . In both pathways -lactam formation occurs via synthetase mediated cyclisation of -amino acids (6) (7) (8) . However, formation of the -amino acid precursors is catalysed by different types of enzyme, both unusual members of the families to which they belong (9) (10) (11) . In clavulanic acid biosynthesis thiamine pyrophosphate dependent carboxyethylarginine synthase (CEAS) 1 catalyses 2 -amino acid formation from arginine and Lglyceraldehyde-3-phosphate (12) . In Pectobacterium carotovora only three enzymes are required to catalyse formation of the simplest carbapenem, (5R)-carbapenem-3-carboxylate from primary metabolic precursors (13) . Formation of carboxymethylproline (t-CMP) the -amino acid precursor of the first formed -lactam [(3S,5S)-carbapenam-3-carboxylate] is catalysed by a member of the crotonase superfamily, carboxymethylproline synthase (CarB), in a reaction involving malonyl CoA and L-glutamate semialdehyde (L-GSA) substrates (14,15) (Scheme 1).
Scheme 1
The crotonase superfamily encompases mechanistically diverse members sharing a conserved trimeric quaternary structure (16, 17) . In the majority of members catalysis is thought to proceed via an enzyme-bound CoA derived thioester enolate complex, stabilised by hydrogen bonds in an 'oxy-anion hole'. The CoA thioester derivatives bind in a characteristic 'hooked' shape and a conserved tunnel binds the pantetheine group of CoA which links the 3´-phosphate ADP binding site to the site of reaction. CarB is an unusual crotonase superfamily member (sequence alignment in Supplementary Material), because it catalyses C-C and C-N bond formations in addition to decarboxylation and thioester hydrolysis. Whilst some of these reactions are catalyzed by other crotonase superfamily members, CarB is the only superfamily member to catalyse them all. To investigate the structure-function relationships between CarB and other crotonases we carried out structural and biochemical analyses. The crystallographic studies raised questions as to the mechanism of hydrolysis of the acyl-CoA intermediate in CarB catalysis. Results obtained using isotopically labelled substrates imply that CarB mediated hydrolysis proceeds via a different mechanism to that recently proposed for the crotonase 3-hydroxyisobutryl CoA hydrolase (18) .
EXPERIMENTAL PROCEDURES
Crystallisation -The CarB gene was cloned into the pET24a vector (Novagen), expressed in E.coli and the resultant protein purified to >95% by SDS-PAGE analysis by anion exchange, hydrophobic interaction and gel filtration chromatography as reported (14) . Initial crystals of wildtype CarB were obtained using a nanolitre scale sitting drop vapour diffusion method at the Oxford Protein Production Facility (19) and were scaled-up using the hanging drop vapour diffusion method. Screening from the initial conditions gave final well solution conditions of: 32% w/v polyethylene glycol (PEG) 400, 0.06 M MgCl 2 and 0.1 M HEPES.Na pH 7.5. Drops (2 L) containing 4.4 mg mL -1 CarB and 20 mM N-(2-hydroxyethyl)piperazine-N´-(2-ethanesulfonic acid) hemisodium salt (HEPES.Na) pH 7.5, were mixed with 2 L well solution and equilibrated against 500 L well solution at 18 ºC. Crystals were cryo-cooled in liquid N 2 for data collection at 100 K with the 32% PEG 400 well solution serving as cryoprotectant. Selenomethionine (SeMet) substituted CarB was produced using a metabolic inhibition protocol and LeMaster media, supplemented with 50 g mL
Electrospray ionisation -mass spectrometry (ESI-MS) analysis determined a 100% SeMet incorporation. SeMet derivatised CarB was crystallised as for the wildtype protein, using a seeding protocol and a protein solution containing 5.8 mg mL -1 SeMet-CarB and 20 mM HEPES.Na pH 7.5. A single rhombohedral CarB crystal was crushed in a stabilising solution containing a 2% increase of PEG 400 from the well solution in which it had been grown to use as a seeding solution. The seed solution was serially diluted and 0.5 L added to the 4 L hanging drops, which had been equilibrated for two hours. The growth of diffraction quality crystals took ca. 5 days at 18 ºC. Final well solution conditions were: 27% w/v PEG 400, 0.06 M MgCl 2 and 0.1 M HEPES.Na pH 7.5. Crystals of SeMet-CarB were cryoprotected using the same protocol as for native crystals. Acetyl coenzyme A (AcCoA) was co-crystallised with CarB from a protein solution containing 10 mg mL -1 CarB, 5 mM AcCoA and 20 mM HEPES.Na pH 7.5, and a well solution of 22% PEG 6000, and 0.1 M N,N-Bis(2-hydroxyethyl)glycine (BICINE) pH 8. The growth of diffraction quality crystals took ca. 3 weeks. For 100 K data collection crystals were soaked in well buffer supplemented with 20% w/v glycerol and cryo-cooled in liquid N 2 . Data Collection and Phase DeterminationDiffraction data for wildtype CarB crystals were collected at 100 K on beamline 14.2 of the SRS, Daresbury, UK using an ADSC Quantum 4 detector. The data were processed using MOSFLM and SCALA of the CCP4 suite (20, 21) . Diffraction data for SeMet derivatised apo-CarB and AcCoA co-crystallised CarB were collected at 100 K on beamline 10.1 (22) of the SRS, Daresbury, UK using a MAR 225CCD detector. The SeMet and AcCoA data were processed using HKL2000 (23) . Data were prepared for input to SHELXD of the SHELX-97 suite (24) using XPREP (25) . Selenium positions were located and refined with SHELXD. The selenium positions combined with the native data were input to SHELXE to estimate the initial phases and corresponding figure of merit and extend the resolution to 2.3 Å. 5% of the reflections were randomly selected to provide an R free test set. RESOLVE (26) was used to determine the non crystallographic symmetry (NCS) of the Se sites, perform density modification and begin automated model building. Model Building and Refinement -Starting with the partial model produced by RESOLVE, model building continued using the program COOT (27) . Structure refinement was performed using REFMAC5 (28), using NCS restraints and translation, libration, screw (TLS) refinement. Molecular replacement with PHASER (29, 30) was used to phase the CarB:AcCoA data set. Docking Studies -A model of the t-CMPCoA thioester molecule was docked to chain A of the CarB:AcCoA complex structure (AcCoA and BICINE were first removed from the structure). The docking program GOLD (31) was employed using hydrogen bond restraints corresponding to those seen in the CarB:AcCoA complex structure and additional hydrogen bond / distance restraints between the thioester carbonyl oxygen and the hydrogen atoms of the predicted oxyanion hole. Supplementary material Figure 1 was prepared using GeneDoc (32) . Figures depicting structures were prepared using PyMol (33 3 and shaken (5 min). The washings were discarded, then 50 L MeCN added to the pieces; after 5 min. the MeCN was discarded and 50 L 100 mM NH 4 HCO 3 added, followed after 5 min by 50 L MeCN. After standing (15 min, room temp.) the solvent was removed and discarded and the gel pieces evaporated to dryness. The pieces were rehydrated in 50 L of trypsin solution (20 g mL -1 in 50 mM NH 4 HCO 3 ) and incubated for 18 hours at 37 °C. After cooling to room temp. the solution was decanted and the pieces washed with 100 L 25 mM NH 4 HCO 3 with shaking for 5 min. MeCN (100 L) was then added and the mixture shaken (60 min). The solvent was decanted and combined with the trypsin solution. The extraction of the gel pieces was repeated with 25 mM NH 4 HCO 3 replaced by 0.1% CF 3 CO 2 H. The solvent was then decanted and combined with the trypsin solution and the first wash. The combined enzyme and wash solutions were evaporated to dryness and the residue dissolved in 10 L of 0.1% formic acid solution and subjected to LC/MS analysis. 
LC/MS Analysis of Trypsin Digestions-ESI-MS

RESULTS
Crystallisation and Structure Solution -Following from initial crystallisation screens using a highthroughput sitting drop vapour diffusion methodology, scale-up using the hanging drop method led to a mixture of crystals with two different morphologies. The cubic crystals diffracted poorly (to ~7 Å) but the rhombohedral crystals diffracted well (to ~2.3 Å) ( Table 1 ). The structure of SeMet derivatised CarB was solved in spacegroup P2 1 2 1 2 1 by multi-wavelength anomalous dispersion. SHELXD found fifty-four selenium positions in the substructure. The correlation coefficients output by SHELXD were 68.48 (all data) and 43.37 (weak data) (PATFOM of 2.93). These positions together with the high resolution native data were input into SHELXE for phase calculation and extension. The final phases were applied backwards to generate a special fourier showing the anomalous sites only. A peak search of this map found a total of 62 selenium positions. These sites were recycled through SHELXE giving a pseudo-free correlation coefficient of 64% (contrast and connectivity figures of merit were 0.398 and 0.871, respectively). RESOLVE determined that the NCS between the sites suggested nine molecules in the asymmetric unit. Co-crystallisation and soaking experiments with AcCoA acting as a malonyl CoA analogue under the conditions used to obtain uncomplexed CarB crystals were unsuccessful. Further screening led to conditions resulting in crystals of a CarB:AcCoA complex. The structure of the CarB:AcCoA complex was solved in spacegroup P6 3 by molecular replacement using the model of uncomplexed CarB as a search model (PHASER LLG of 3771.9). In the CarB:AcCoA structure there were 3 molecules in the asymmetric unit. Model Building and Refinement -The model resulting from RESOLVE was ~65% complete. The best chain was selected and subjected to manual rebuilding. This chain was transformed to the other 8 positions using the NCS operators and refinement carried out using tight NCS restraints. Cycles of refinement and rebuilding were alternated and NCS restraints were gradually loosened for residues which differed between chains. During the final rounds of refinement TLS parameterisation was used with one TLS group per protein chain. Refinement statistics are given in Table 2 . Table 1   Table 2 Oligomerisation -Analysis of crystal packing reveals that in the P2 1 2 1 2 1 spacegroup uncomplexed CarB crystallises as a homo-trimer, consistent with mass spectrometric and solution analyses (14) (Supplementary Material Figure 2 ). In this crystal form, each asymmetric unit contains nine monomers arranged as a trimer of trimers in a 'propeller' arrangement ( Figure 1a ). The P6 3 crystal form observed when CarB was complexed with AcCoA contains only a single trimer in the asymmetric unit, with a similar relationship of monomers to that observed in the P2 1 2 1 2 1 spacegroup. Figure 1 The intermolecular trimer interactions are mostly hydrophobic with some hydrogen bonds, including those involving Cys138 (backbone):Thr206 (side chain), Thr148 (backbone):Ser152 (backbone), Tyr159 (backbone):Tyr198 (side chain) and Asp171 (backbone and side chain):Arg173 (side chain). The solvent accessible surface area buried by trimerisation is approximately 1800 Å 2 per monomer, which is ca. 17% of the total solvent accessible surface of the monomer. In the absence of AcCoA, the structures of the nine monomers in the asymmetric unit are similar (average RMS deviation of the C atoms between the nine monomers is 0.28 Å). There are two main differences between the three chains that make up the trimer in the CarB:AcCoA structure (Figure 2 ). Helix -2 of chain A, which is close to where AcCoA binds, has a significantly different conformation compared to that observed in chains B and C (and -2 of all the chains in the uncomplexed structure). The C-terminal region (~Asp223 onwards, -10) of chains A and B in the CarB:AcCoA structure shifts significantly into the active site (Figure 2, see below) ; the conformation of the C-terminus of chain C is similar to that of the uncomplexed structure. The average RMS deviation of the C atoms between the three monomers in the CarB:AcCoA structure is 0.29 Å.
Figure 2
Overall Structure of the CarB Monomer -The fold of the CarB monomer is based around a pair of -sheets that are roughly perpendicular to each other (Figure 1b) , as observed for other crotonase superfamily members. One is formed by strands 1-4, -6 and -8 and the other by -strands -5 and -7. Nine -helices of 4 to 29 residues length and one 3 10 -helix link the strands. The helices and sheets are linked by loops containing a variety of reverse turns including three type I -turns (Asn19-Asn22, Asp42-Val45 and Ala122-Ala125), one type II -turn (Gly53-Arg56), one type II' -turn (Ser7-Val10), two type IV -turns (Asn6-Glu9 and Ser57-Ala60), two type VIIIturns (His17-Lys20 and Phe116-Arg119) and two inverse -turns (Pro23-Ser25 and Val228-Lys230). In both the uncomplexed CarB and CarB:AcCoA structures there is a region near the active site pocket (Asp63-Glu74) surrounding -2 that has high B-factors and poor electron density. The corresponding region is also poorly ordered in other members of the crotonase superfamily [see e.g. refs (35) and (36)]. The C-terminus of all nine CarB molecules in the asymmetric unit of the uncomplexed CarB structure was found to be disordered (~20 residues), and there was a small break in the electron density for some chains around residue 71 (residues 64 and 65 were not modelled in chain G), (see Table 2 ). The final model contains 823 water molecules. There was one outlier in the Ramachandran plot (94.1%, 5.4%, 0.0%, 0.5% in the core, allowed, generously allowed and disallowed regions, respectively, as defined by PROCHECK (37)). The assignment of the conformation of the outlier (Asp8 in all chains) is supported by the apparent electron density in all nine chains; Asp8 is located at the i+1 position of a type II' -turn. In the CarB:AcCoA structure the C-terminus (~20 residues) of all molecules was disordered. There were no Ramachandran outliers (92.6%, 6.9%, 0.5% in the core, allowed and generously allowed regions respectively). The electron density maps indicated that AcCoA and BICINE were present in chain A but absent in chains B and C of the trimer. AcCoA binding -In chain A of the CarB:AcCoA structure, clear electron density was observed for the 3´-phosphate ADP and part of the pantothenic acid region of AcCoA. The AcCoA is sandwiched between chain A (whose active site it is directed towards) and chain B of a symmetry related trimer ( Figure 3 a and b) . Electrostatic interactions between chain A and the 3´-phosphate ADP portion of AcCoA consist of backbone hydrogen bonds from Ala60 (N) and Gly62 (N) with the adenine moiety and a hydrogen bond from the side chain of Asn19 (N 2) to the oxygen of the ribose ring. Electrostatic and hydrogen bonding interactions of the AcCoA with the symmetry related chain B include H-bonds from His17 (N 2), Thr27 (O 1) and Arg26 (N) to the phosphate oxygens of the 3´-phosphate ADP of AcCoA as well as electrostatic interactions between the 3´-phosphate itself and Arg26 (N and NH2). The interactions between AcCoA and the symmetry related chain B may be an artifact of crystal packing, as this very hydrophilic region of the ligand is likely to be solvated in solution. Figure 3 Analysis of the CarB:AcCoA structure suggests how crystal packing considerations enable binding of AcCoA to chain A rather than to the other chains. In order for chain C to bind a CoA substrate, alteration of the crystal packing may be required to avoid clashes with chain A of a symmetry related trimer (residues Met1 -Phe3 and Thr14 -Pro18), which partly obscures the CoA binding site. Chain B interacts closely with chain A from a symmetry related trimer as described above, but the interactions around the CoA binding site of chain B are less close than with chain A. If chain B were to bind a substrate molecule it would have the phosphate backbone directed into solvent rather than interacting with another molecule as is the case for chain A; this relative loss of stabilising interactions may weaken the binding of AcCoA to chain B.
The Active Site -Comparisons with the structures for other crotonase superfamily members (See sequence alignment in Supplementary Material) imply that the residues forming the CarB 'oxyanion hole' are Gly62, located on the extended loop that links -3 and -2, and Met108 located at the N-terminus of -4. In both CarB structures these residues are in a suitable conformation for their peptidic NH bonds to stabilise the oxy-anion of the proposed enolate intermediate derived from malonyl CoA (Figure 4a ). A cavity search of chain A of the CarB:AcCoA structure using VOIDOO (38) reveals a tunnel leading from the end of the observed density of the AcCoA ligand that continues beyond the predicted oxyanion hole (Figures 2b and 4a) . The tunnel is defined by residues from -2 (Phe64 and Ala67) and -5 (Glu131 and His134) and the loops linking -3 and -2 (Ala60, Gly61, Gly62, Asp63), -5 and -4 (Ile106, Gly107 and Met108) and -7 and -5 (Pro130). The continuation of the tunnel beyond the 'oxy-anion hole', is defined by residues from -3 (Trp79, Ile80, Val83, Tyr87), -4 (Gln111), -6 (Ser139, Val140, Gly141) and -10 (His229) and the loop linking -5 and -6 (Ile136, Gly137, Cys138). At the end of the tunnel a region of electron density was apparent in the CarB:AcCoA structure but not in the uncomplexed structure. This region was modelled as BICINE in chain A (Figure 3c ), but whilst there was electron density in a similar position in chains B and C it was not considered well defined enough to be modelled. In chain A, the carboxylate group of the BICINE molecule is in position to be bound by Val140 (N), Gln141 (N), His229 (N 2) and Gln111 (N 2). The two hydroxyl groups of BICINE are coordinated by Comparison of the cavity present in the uncomplexed CarB structure compared to that of chain A of the CarB:AcCoA structure reveals differences due to movement of -2 and -10 ( Figure 2) . One involves Phe64 ( -2), which in the uncomplexed structure blocks the region of the tunnel predicted to bind the CoA pantetheine group. Another involves His229, located on the Cterminal -10, the movement of which increases the active site size and provides a possible second entrance (Figure 2a) . The observed differences in the positions of -10 and -2 may account for the failure of co-crystallisation and soaking experiments in the P2 1 2 1 2 1 spacegroup.
CarB Assays With Substrate and Substrate Analogues -When malonyl CoA and L-GSA were incubated with CarB they were efficiently converted to (2S,5S)-t-CMP, (172 Da for [M-H] -) and CoASH as reported (15,34) (Scheme 2a).
When D-GSA and malonyl CoA were incubated with CarB under the same conditions, t-CMP was not detected. However, a clear signal for CoASH was observed by LC/MS indicating that the D-GSA stimulated both decarboxylation and hydrolysis of malonyl CoA (Scheme 2b). When malonyl CoA was incubated under standard conditions with CarB in absence of any other substrate, decarboxylation to AcCoA was observed (Gerratana et al. (15) have reported that prolonged incubation of malonyl / AcCoA with CarB leads to hydrolysis to CoASH). Control experiments under standard conditions where malonyl CoA and L-(or D)-GSA were incubated together in the absence of enzyme did not result in detectable production of t-CMP. When L-aspartate semialdehyde (L-ASA) was incubated with malonyl CoA in the presence of CarB no condensation products were detected, however, CoASH production occurred (Scheme 2c). When D-ASA was incubated with malonyl CoA in the presence of CarB no condensation products were detected and AcCoA production occurred (Scheme 2d). Control experiments wherein both enantiomers of aspartate semialdehyde were incubated separately with malonyl CoA in the absence of enzyme showed no discernable reaction of the amino acids.
Scheme 2
Assays With Methylmalonyl CoA -Malonyl CoA was replaced with racemic methylmalonyl CoA and assayed with both enantiomers of both GSA and ASA. Similar to the results with malonyl CoA, condensation products were only detected with L-GSA; the product was 6-methyl-t-CMP of undetermined stereochemistry at C-6 (Scheme 2e O in the absence of L-GSA, under the same conditions, the resultant AcCoA predominantly incorporated only one deuterium from solvent (< 5% of material with two deuteriums incorporated was observed). When malonyl CoA was incubated in D 2 O alone for an extended time (i.e. overnight) some deuterium exchange into malonyl CoA was observed. However, on the time scale of the CarB incubation it seems unlikely that a significant level of deuterium exchange into the methylene of the malonyl CoA occurs. In addition, if significant levels of deuterium exchange into the malonyl CoA were taking place during the incubation, it would be expected that two (or three) deuteriums would be incorporated into the AcCoA produced when malonyl CoA and L-GSA were incubated with CarB. These would arise both from reversible exchange and the quenching of the enolate anion formed during decarboxylation. In fact most of the AcCoA produced in the presence of L-GSA had only one deuterium present (90%) indicating significant exchange in the malonyl CoA was not taking place. were too small to reliably differentiate. However, none contain a Glu residue and only three contained Asp residues (34, 171 and 223) all in regions of the molecule not expected to be involved in catalysis. The peptide fragment (residues 120-133 containing Glu131), considered the most likely residue to be labelled with 18 O by comparison with the crotonase superfamily member 3-hydroxyisobutyryl CoA hydrolase (18) , was further analyzed by MS/MS to determine if it had undergone 18 O exchange. The mass of Glu131 so analysed was identical in the fragments derived from both H 2 18 O and H 2 16 O experiments, thus indicating that there was no incorporation of 18 O from solvent into its sidechain. The t-CMP produced from the same assay as that used for the H 2 18 O tryptic digest was shown to have incorporated a single 18 O after LC-MS analysis as indicated by the presence of a signal at 174 Da ([M-H] -).
DISCUSSION
Crotonase superfamily members can be categorised into three sub-groups, according to the position of their C-terminus. The first group, including enoyl CoA hydratase, 4-chlorobenzoyl CoA dehalogenase, dienoyl CoA isomerase and the human AU binding homolog of enoyl CoA hydratase (35, 36, 39, 40) , adopt a conformation in which the C-terminus protrudes away from the core of its monomer and covers the active site of an adjacent monomer of the same trimer. In the second group, including 3 2 -enoyl CoA isomerase, methylmalonyl CoA decarboxylase (MMCD) and 6-oxo-camphor hydrolase (41) (42) (43) , the C-terminus folds back over the core of itself to cover the active site. In the third group, including MenB (an example where hexamers are observed), the C-terminus crosses the trimer-trimer interface and forms part of the active site of a monomer from another (opposing) trimer (44) . CarB belongs to the second group, since in both the uncomplexed CarB and CarB:AcCoA structures, the C-terminus of one CarB monomer does not cross over to another monomer, but folds back over the active site where it is likely involved in substrate binding (Figures 1 and 2) . The active sites of the crotonase superfamily, like the reactions catalysed, display significant variations. However, structural analyses have revealed conserved features including the residues involved in binding the acyl-CoA thioester substrates and the stabilisation of a thioester derived enolate in an 'oxy-anion hole' 2 . The latter is located in a tunnel extending from the binding site for the 3´-phosphate ADP segment of the CoA derived substrate on the surface of the protein; in the case of enzymes with 'extended' acyl-CoA derived substrates, the tunnel extends through the protein into solution (45) . Thus, although good quality electron density for the pantetheine group of AcCoA was not apparent, it is possible to predict the position of the disordered region of AcCoA in the CarB:AcCoA structure (Figure 4a ). The position of the BICINE molecule observed in the active site of chain A of the CarB:AcCoA structure likely mimics that of GSA or the tCMPCoA intermediate (Figure 3c ), in particular with respect to binding of the carboxylate group. Gln111 of CarB, a residue involved in BICINE binding, is located in an analogous position to Glu144 of 2-enoyl CoA hydratase. Glu144 is proposed to act as a base to deprotonate the water molecule which adds to the substrate alkene (Supplementary material Scheme 1a) (39) . It seems unlikely that Gln111 of CarB has such a direct role as a general acid / base catalysis, but it is probably important in binding L-GSA or intermediates. Mechanistic proposals for CarB can be made based upon the biochemical results and comparison of the CarB active site with those of other crotonase superfamily members that catalyse decarboxylation, C-C bond forming and thioester hydrolysis reactions (Supplementary material Scheme 1). MMCD catalyses the decarboxylation of methylmalonyl CoA to produce propionyl CoA and CO 2 (42) (Supplementary material Scheme 1b). Since CarB catalyses the MMCD reaction, as well as the equivalent reaction with malonyl CoA, it is reasonable to propose that the two enzymes follow similar paths for decarboxylation. The side chain of MMCD Tyr140 (equivalently located to Cys138 in CarB) has been proposed to act as a general base during decarboxylation (42) . In CarB, the Cys138 side chain is poorly aligned for this function, however, His229 on the C-terminal helix -10 appears to be suitably positioned to act as a general base during decarboxylation. In the CarB:AcCoA structure, His229 is closer to the predicted malonyl CoA carboxylate binding site than in the uncomplexed structure (Figures 2 and  4b) . The results obtained with malonyl CoA in the absence of L-GSA, and with D-GSA, L-ASA or D-ASA substituting for L-GSA, are consistent with the CarB mechanism proceeding via initial decarboxylation of malonyl CoA to produce a non-covalently bound enolate 3 . They also demonstrate that whether or not condensation occurs depends upon both chain length and stereochemistry at the C-position of GSA/ASA.
Given the lax stereoselectivity of the other enzymes in the biosynthetic pathway to (5R)-carbapenem-3-carboxylate (CarA (7) and CarC (46) ) it may be that the selectivity of CarB for L-GSA, rather than D-GSA, has determined the stereochemical course of the pathway. The different results obtained for D-GSA, L-ASA and D-ASA with respect to the production of AcCoA or CoASH as products under the assay conditions are notable, e.g. D-GSA and L-ASA lead to CoASH as the predominant product, D-ASA leads to AcCoA, and incubation of malonyl CoA alone leads to AcCoA. The different results demonstrate that the efficiency of the hydrolysis reaction is affected by the mode of binding at the -amino acid binding site (Scheme 2) and may be related to conformational changes during catalysis, e.g. those involving His229.
MenB, a crotonase superfamily member involved in menaquinone biosynthesis, catalyses a C-C bond forming reaction comprising conversion of O-succinylbenzoyl-CoA into 1,4-dihydroxy-2-napthoyl-CoA (Supplementary material Scheme 1c) (44) . Although both MenB and CarB catalyse C-C bond forming processes MenB catalyses an intramolecular condensation whereas CarB catalyses an intermolecular reaction. The CarB reaction probably occurs either via an aldol reaction followed by an intramolecular Michael addition, or by attack of the enolate on the closed ring L-P5C form of L-GSA (Scheme 3, Path A or B). The residues identified as being important for either substrate binding or enzyme catalysis in the structure of MenB (Asp192 and Tyr287) appear poorly oriented in CarB to carry out similar roles, thus it seems that the CarB C-C bond forming reaction involves active site features previously undescribed in crotonase superfamily catalysis.
Scheme 3
The identification of the CoA ester of t-CMP by Gerratana et al. (15) in CarB assays implies the condensation and cyclisation processes precede hydrolysis. Mechanistic studies on of thioester hydrolysis are of interest both for the crotonase superfamily and in the wider context of polyketide, fatty acid and non-ribosomal peptide biosynthesis (47, 48 ). 3-Hydroxyisobutyryl CoA hydrolase catalyses the hydrolysis of the thioester of 3-hydroxyisobutyryl CoA (18) (Supplementary material Scheme 1d). Although there is no structural data for 3-hydroxyisobutyryl CoA hydrolase, primary sequence analyses and studies on mutants have led to the conclusion that the side chain carboxylate of Glu143 (equivalent to Glu131 in CarB) enables hydrolysis via attack on the CoA thioester to form an unsymmetrical anhydride. Hydrolytic attack at the carbonyl derived from the Glu143 side chain results in the release of the carboxylic acid and incorporation of a solvent derived oxygen atom into the carboxylate of Glu143. A key piece of evidence for this proposed mechanism was the lack of incorporation of 18 O from solvent into the product under single turnover conditions (i.e. with a large excess of enzyme:substrate). The CarB structures, together with docking studies and comparisons with other crotonase superfamily members, reveal that in CarB Glu131 appears well positioned to be involved in the t-CMPCoA thioester intermediate hydrolysis (Figure 4b ). We carried out experiments using labelled substrates and water to test whether the unusual hydrolysis mechanism proposed for 3-hydroxyisobutyryl CoA hydrolase occurs with CarB (Scheme 4).
Scheme 4
A multiple turnover reaction of CarB in H 2 18 O followed by digestion and analysis by LC/MS and MS/MS, showed that, although one 18 O atom was incorporated into the t-CMP product. There was no incorporation of 18 O in the peptide containing Glu-131 (residues 120-133), nor into any other of the peptide fragments observed. Thus hydrolysis of the t-CMPCoA probably does not proceed via attack of water at a Glu131-derived carbonyl of an anhydride intermediate (Scheme 4b path A). Hydrolysis could still proceed via an anhydride mechanism involving Glu131, but one in which water attacks the anhydride-carbonyl derived from the t-CMP thioester (Scheme 4b path B). Given the mechanistic variations present within the crotonase superfamily, this is possible. Other hydrolysis mechanisms are also possible. Providing the pKa of the carbon to the carbonyl is low enough, hydrolysis of thioesters via an elimination-addition mechanism probably involving a ketene intermediate can occur (49) . Thus, the hydrolysis of acetoacetyl CoA, but not AcCoA (50) which has a much higher pKa, can proceed via an elimination-addition mechanism. Given the propensity of the crotonase superfamily to form enolates a ketene intermediate for the hydrolysis of the CMPCoA cannot be ruled out. However, as yet, there is no reported direct evidence for enzyme mediated hydrolysis of a thioester via a ketene (51) and it has been ruled out for 3-hydroxyisobutyryl CoA hydrolase (18) . In CarB, other than Glu131, there is a lack of an obvious protein-derived general base to enable hydrolysis; His229 is a possibility but in the CarB structures it appears to be positioned too far away from the predicted hydrolysis site. However, since comparison of the uncomplexed CarB and CarB:AcCoA structures suggests significant conformational changes occur during catalysis, the involvement of His229 or other residues in hydrolysis cannot be ruled out. Another possibility is that the amine of the t-CMP acts as a general base during hydrolysis. (Figure 4b ). The incubations in D 2 O demonstrated the (predominant) incorporation of a single deuterium into the products derived from malonyl CoA and methylmalonyl CoA; experiments with [ 2 H 6 ] labeled L-GSA identified the position of incorporation as at C-6. Provided that exchange does not occur at the malonyl CoA stage (control experiments support this), and that hydrolysis does not occur via an elimination-addition reaction, the observations support a mechanism for C-C bond formation in which the aldehyde form of L-GSA reacts with the enolate from malonyl CoA, prior to 1,4-conjugate addition. In contrast, C-C bond formation via reaction of the imine or hemiaminal form of L-GSA would not obviously lead to incorporation of a solvent derived hydrogen into t-CMP. C-N bond formation by CarB via a kinetically favoured 5-exo-trig reaction (52) is supported by potentially biomimetic synthetic work on carboxymethylproline derivatives (53) . Table 1 . Data collection statistics. RMSD = Root mean square deviation from ideality. R merge = j h I hj -I h / j h I h x 100, where I jh are intensities of symmetry-redundant reflections and I h is the mean intensity for reflection h. a values in parentheses are for the outermost resolution shell. Table 2 by guest on November 19, 2017 
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